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Abstract
Relevant components of the carbon budget such as methane fluxes and porewater
dissolved organic carbon (DOC) are poorly characterized in the Peruvian Pastaza
Marañon basin (PMB). PMB is associated with a tropospheric hotspot for methane and
therefore it may represent a significant methane source. We aimed to quantify the
magnitude of CH4 fluxes and porewater DOC; and to determine their predictors across
different peatland types in the PMB (open peatland, palm swamp, and pole forest). The
study was conducted in two peatland sites covering the three main vegetation types in
PMB. We collected gas and water samples using chamber-based techniques and closed
piezometers (respectively), covering the entire dry season and the early wet season. We
characterized the vegetation, the dissolved and solid peat (spectral indices and FTIR,
respectively) and measured ancillary variables such as temperature, water table depth and
pneumatophore density. Annual methane fluxes from the PMB were 25.5 ± 1.9 g CH4 m-2
yr-1 and average porewater DOC concentration was 33.1 ± 0.9 mg L-1. Fluxes were related
to plant type (greater in sedges) in open peatlands, pneumatophore density, and air
temperature. In contrast, DOC was related to vegetation type (greater in treed peatlands),
and peat temperature. Pneumatophore density influenced both methane and DOC
dynamics. Our data show much higher methane emissions in peatlands of PMB compared
with SE Asian peatlands. Our annual rough estimation (no data from wet season) of CH4
emissions for the entire basin (0.9 ± 0.1 Tg CH4 yr-1) will help to fill the existing
discrepancy between bottom-up and top-down CH4 flux estimations. More research is
needed to identify other CH4 sources such as palm-mediated emissions and to evaluate
waterborne DOC losses in the PMB.

ix

1 CHAPTER ONE
1.1 INTRODUCTION
Peatlands (peat-forming wetlands) are important terrestrial ecosystems due to ecosystem
functions such as biodiversity maintenance1, regulation of hydrology2 and soil-plantatmosphere carbon exchange3. Peatlands only cover ~3% of global land surface area4,
however they store around 496 Pg C (1 Pg = 1015 g)5,6 in their organic soil layer. This is
equivalent to 60% of current concentration of carbon dioxide (CO2) in the atmosphere7,
showing their potential as long-term carbon sinks. In addition to sequestering CO2,
undisturbed peatlands are also relevant biogenic sources of methane (CH4)8, which is
another important greenhouse gas with a greater global warming potential than CO2.
Tropical peatlands are less studied than northern peatlands9,10, and most research on
tropical peatlands has been conducted in SE Asia10–13. However, recent research efforts
have described large tropical peatlands in Africa (Congo)6 and South America (Peru)14,15.
For instance, the Peruvian Pastaza Marañon basin (PMB) has been found to be one of the
largest areas of lowland tropical peatland with an area of ~35,600 km2 that sequesters
~3.14 Pg C in peat6,15. PMB contains a mosaic of peatland types occurring along a
nutrient status gradient (ombrotrophic-minerotrophic16) and harbors a unique native
vegetation, including native palm trees (Mauritia flexuosa) that create widespread palm
swamps over much of the basin (77% of area15). Thus, PMB represents a significant
contrast to the mainly forested ombrotrophic systems found in SE Asian peatlands.
Methane emissions measured via ground-based methods are greater in tropical wetlands
compared to high-latitude wetlands17. These results may validate the large CH4
concentration found in the tropical atmosphere using atmospheric cartography
instruments18. However, in some regions like northern South America and the Amazon
basin there is still a discrepancy between bottom-up (ground)19 and top-down (satellite)
CH4 estimations17. This uncertainty suggests that other sources are still unexplored,
which is likely, given that CH4 flux data available from non-Asian tropical peatlands is
scarce10,17. Likewise, most of hitherto published data from the Amazon basin, which
occupies ~33% of South America20, derives from non-peat forming wetlands (floodplains
or water bodies)17 in the eastern Amazon21,22; with few available references from the
peatlands of PMB23–26. Therefore, more research is needed to test whether CH4 emissions
from PMB may help to fill the gap in the current top-down models27.
Variability of CH4 and CO2 soil emissions from peatlands is driven by several abiotic and
biotic factors28–30. Among abiotic factors, hydrology plays a crucial role controlling peat
decomposition by rainfall seasonality31,32, changes in water table position, and oxygen
availability in peat. Thus, high water tables favor CH4 production while CO2 production
is greater at low water tables29,31,33,34. In addition, the trophic or nutrient status along with
pH35 also influence CH4 fluxes36. In northern peatlands, ombrotrophic (only rain-fed,
more acidic, often domed, and nutrient-poor) peatlands have on average lower CH4
1

production37 compared to minerotrophic (mainly ground water-fed less acidic, and
nutrient-rich)38 peatlands. Also, microtopography of surface peat (i.e., hummock/lawn)39
can be an important predictor of CH4 fluxes from tropical peatlands11,28. In hummocks or
mounds, the surface oxic layer of the peat profile is thicker, especially when water table
drops, promoting CH4 consumption40 through aerobic oxidation or methanotrophy41,
while CO2 fluxes tend to increase42. Lastly, other abiotic factors such as peat and air
temperature43, peat moisture44, and peat bulk density36 have also been demonstrated to be
correlated to C gas fluxes in peatlands.
Among biotic factors, plant functional traits can have a large influence on methane
efflux. Surface vegetation types like Sphagnum, sedges or trees create peat with different
qualities by means of their inputs (litterfall and dead roots)45 and, consequently, modify
CO2 and CH4 production46. However, little information exists on how palm-derived peat
modifies CO2 and CH4 production. Furthermore, vascular plants release root exudates
(labile carbon) into peat profiles47, promoting microbial CH4 production
(methanogenesis)48 through a “priming effect”49 or as a direct substrate. Also, autotrophic
root respiration represents a significant source of CO2 fluxes in peatlands50 that can be
reduced by hydrogenotrophic methanogens to produce CH441. Moreover, wetland plants
are aerenchymatous and hence transport oxygen into their root system, creating an oxic
layer in the rhizosphere (via radial oxygen loss)51 where CH4 may be oxidized to CO2 by
methanotrophic bacteria52. However, as part of the same process, a complementary
“chimney effect” mechanism takes place, allowing CH4 to be effectively transported from
peat to atmosphere33,53. Other structures such as pneumatophores54 and lenticels55 have
been described as suitable conduits for CH4 in tropical55 and temperate56 forested
peatlands57, respectively. The native M. flexuosa palms that dominate PMB have many
pneumatophores as part of their root sytems58, but it is unknown if they modify CH4
emissions.
Microbes may use solid phase peat or dissolved organic carbon (DOC)59 for production
of CH4 and CO2, defining their preference mainly by lability of organic matter and
showing different patterns among peatland types60. For instance, methanogens in treed
tropical peatlands in Borneo have been shown to use both dissolved and solid substrates
in similar proportion61. DOC is composed by a mixture of labile (e.g. root exudates) and
recalcitrant molecules (e.g. humic substances)62. The lability of solid phase peat tends to
decrease with depth of peat profile63. Besides its role as a reactive substrate for microbial
decomposition, DOC is a small but important component of carbon budgets in
peatlands64. DOC of tropical peatlands represents a substantial part of waterborne C
exported into rivers and oceans65. A variety of factors including hydrology62 and surface
vegetation64 influence the amount of DOC stored in porewater and, potentially, exported
as waterborne C flux10. In addition, those factors might also modify the properties of
DOC such as reactivity, size, or aromaticity. As in the case of C gas fluxes, studies based
on DOC and its relationship with potential abiotic and biotic predictors, such as water
table position and surface vegetation, in non-SE Asian tropical peatlands are scarce66.
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A proper assessment of CH4 fluxes and porewater DOC dynamics, as well as their
potential predictors, is needed to better understand the role of the PMB in the global
carbon budget and how they would react under human-induced disturbance and climate
change scenarios. Likewise, our research may be used to generate parameters for peatland
ecosystem models and, consequently, improve management practices of non-SE Asian
tropical peatlands46. Therefore, our objectives are: (1) to quantify the magnitude of CH4
fluxes and porewater DOC; and (2) to determine the predictors of CH4 fluxes and
porewater DOC across different peatland types in the PMB.
We hypothesized that (1) greater soil CH4 fluxes are expected in the minerotrophic open
peatlands where absence of lignified litter tissue (e.g. branches or stems), along with
nutrient availability, will favor a greater peat decomposition. (2) In the open peatland,
aerenchymatous species (e.g. sedges) will lead to the greatest ecosystem CH4 fluxes due
to their effectiveness to transport CH4 outside of peat profile. (3) Lower CH4 fluxes are
expected at lower water table levels and hummock topographic position, while greater
pneumatophore density will lead to greater CH4 flux. (4) Greater porewater DOC
concentrations are expected under lowered water tables because of enhanced peat
decomposition, while vegetation type will also affect DOC concentration because
differing litter inputs and root exudates would promote contrasting patterns of solid peat
decomposition.

1.2 METHODS
1.2.1 Study area
The study was conducted in the PMB located in the region of Loreto in northeastern Peru
(5°S; 75°W). This basin has a mosaic of upland rain forest (terra firme), floodplain, and
peatland ecosystems distributed among a network of four main rivers: Pastaza, Marañon,
Ucayali, and Amazon15. Peatlands have been found to be a mixture of ombrotrophic (rain
water fed only) and minerotrophic (surface and groundwater in addition to rain) with
roughly equal abundance16. Peatlands in PMB exhibit three main types of vegetation: (1)
minerotrophic palm swamps locally known as “aguajales” dominated by Mauritia
flexuosa palms, (2) ombrotrophic pole forests dominated by woody thin-stemmed and/or
low-stature trees locally known as “varillales”, and (3) minerotrophic open peatlands
dominated by herbaceous species. Climate of the PMB is hot and humid with a very welldefined seasonality of rainfall: the “dry season” occurs during May-October while the
“wet season” is from November to April (Figure 1). Weather data recorded by Peruvian
Meteorological Service (SENAMHI) is available from a town located along the Marañon
River (San Regis; 4.481°S; 73.974°W): average annual rainfall was 2,910 mm from 2010
to 2013. During 2016, average daily temperature and relative humidity was 27.5°C and
86.4%, respectively.
We chose two peatlands within the PMB for our investigations (Figure 2). The first
peatland, 20 de Enero, is located close to the Yanayacu River (4.670°S; 73.819°W) and is
3

minerotrophic with areas of undisturbed palm swamps and open peatlands15. The second
site, Nueva York, is an ombrotrophic peatland close to the Tigre River with pole forest
vegetation (4.396°S; 74.267°W)16. Both the Yanayacu and Tigre are tributaries of the
Marañon River.
1.2.2 Vegetation and peat characterization
At both sites, sampling was done along a linear transect (~2700 m). In 20 de Enero site,
the transect covered palm swamp and open peatland (Figure 2), whereas the transect in
Nueva York was entirely dominated by pole forest. Sampling plots were created every
~300 m along the transects. We conducted a vegetation survey in each plot dominated by
trees or palms (radius: 15 m and area: 706.86 m2). We identified trees/palms at the
species level (when possible) and measured diameter of stems greater than 10 cm. In
open peatlands, we measured the coverage of herbaceous morphotypes (e.g. sedges,
ferns, and floating aquatic plants) along four 15m-transects placed along the cardinal
directions from plot centers.
Longitudinal coverage of microtopography (lawn or hummock) was measured along four
15m-transects placed inside each plot, except for the open peatlands where hummocks
are structurally different (smaller elevation) and covered by ferns or sedges.
Peat depth was measured across the transects in 20 de Enero (every ~100m; 37 cores) and
Nueva York (every ~500m; 9 cores) using a Russian peat corer (AMS, American Falls,
ID, USA; 5 cm diameter x 50 cm height). In 20 de Enero, peat samples from the top 50
cm-section were collected (five 10 cm-layers, 16 cores) and sealed in Whirl-Pak bags in
the field. Peat samples from entire cores (i.e. surface to bottom) were also collected
(every ~50 cm) in 20 de Enero and Nueva York (3 and 2 cores, respectively). Upon
returning from the field, the peat was frozen for long-term storage. In the lab, peat was
dried at 65°C until a constant weight was obtained, and weighed to calculate bulk density
(g cm-3).
Another set of peat samples (10-20, 30-40, 60-70 cm depth layers) from 7-9 cores of both
sites were collected to perform the following analyses: loss-on-ignition (LOI), Fouriertransform infrared (FTIR) spectrometry, carbon (C) and nitrogen (N) content. These
samples were also placed and sealed in Whirl-Pak bag in the field and then frozen in the
lab. Samples were dried at 65°C until a constant weight was obtained and ground with a
ball mill (8000 series, SPEX CertiPrep, Metuchen, NJ, USA). For LOI (%), 0.2-0.5 g of
dry peat was ashed in a muffle furnace at 550 °C for 6 hours. Another peat subsample
(1.8 mg) was analyzed with an Elemental Combustion System 4100 (Costech Analytical
Technologies, Valencia, CA, USA) to obtain C and N content (%).
FTIR spectra of solid peat were collected with a Spectrum 100 FTIR spectrometer
(Perkin Elmer, Waltham, MA, USA) fitted with a CsI beam splitter and a deuterated
triglycine sulfate detector. Spectra were acquired in % transmittance mode between 4000650 cm−1 (wavenumber) at a resolution of 4 cm−1, and four scans were averaged for each
4

spectrum. A baseline correction was applied to whole spectra with initial sloping
baselines using the PerkinElmer 100 Spectrum instrument software. Spectra were then
converted to absorbance mode for subsequent data analysis. Peak heights and areas were
obtained, baseline-corrected, and normalized to the area of the whole spectrum following
a procedure (FTIRbaselines.R) written and tested with R version 3.2.1 (Suzanne
Hodgkins and Brittany Verbeke, Florida State University, personal communication,
2017). Peaks used to describe peat quality are based on the following wavenumbers67: (i)
1030 (carbohydrates: cellulose and hemicellulose); (ii) 1510 and 1630 (aromatics: lignin);
(iii) 1720 (organic acids: carboxyl or carbonyl); (iv) 2850 (aliphatics: fats, waxes and
lipids); and (v) 2920 (aliphatics: fats, waxes and lipids). Peak area calculations are
correlated to peak heights (r2 > 0.92), therefore, only the former is displayed in our
results.
1.2.3 Gas fluxes
Within each forested sample plot, we measured soil respiration and methane fluxes with
almost no photosynthetic tissue in collars (few small seedlings present). We placed a
polycarbonate collar (40.64 cm diameter x 10 cm height) on each microtopographic
position. The hummock collar was always placed at the base of an adult palm (where a
solid mound of dead organic matter is clearly formed), while the lawn collar (usually
small depressions or flat areas where big palms or trees are absent) was placed ~3 meters
away.
In the open peatland, because the herbaceous vegetation was so dense, we measured
whole ecosystem respiration and methane flux. Hummock collars were placed
surrounding the culm or stalks of sedges or ferns, whereas sponge plants and other lower
microforms were within many of the lawn collars. Overall, collars were gently inserted
leaving ~5 cm below peat surface. A boardwalk made of wooden stakes and planks was
built to each collar to minimize disturbance during gas sampling.
Measurements of gas fluxes were conducted between 8 am and 4 pm on eight sampling
dates over the entire dry season and the beginning of the wet season (June 2016 -January
2017). Gas sampling was performed in an opaque PVC 30 L chamber (40.64 cm diameter
x 25.4 cm height). A small fan (Double Ball-Bearing, Antec, Fremont, CA, USA)
powered by a 12V-battery and operating at the lowest speed was incorporated within the
chamber to facilitate air mixing. The chamber had a small vent (8 mm inner diameter, 20
cm length tube)68 to minimize headspace overpressurization69. The chamber was set on
the collar and sealed with a 10-cm wide rubber ring. In the open peatland of 20 de Enero,
up to two PVC 50 L extensions (40.64 cm diameter x 38.1 cm height) were coupled to
the chamber to obtain ecosystem gas flux samples by covering the herbaceous plants (~1
m height) present inside the collar (Figure 3). The chamber was left to equilibrate on the
collar ~5 min before gas sampling. Then, headspace gas (~10 ml) was extracted from the
chambers using a plastic 50 ml-syringe (four times at 15-minute intervals), stored in a 5.9
ml evacuated vial (Exetainer, Labco, Lampeter, UK), and shipped to Michigan Tech
University. Samples of ambient air were also stored in vials every sampling date. Soil
5

CH4 fluxes (in forested sites) include diffusion and ebullition as emission mechanisms,
whereas ecosystem fluxes (in the open site, with plants in the chamber) include plantmediated emissions (sedges, ferns and sponge plants from the open peatland) in addition
to the previous two mechanisms.
Gas samples were analyzed for CH4 and CO2 using TCD and FID detectors set up in two
different gas chromatographs: 6850 Series II (Agilent Technologies, Santa Clara, CA,
USA) and CP-3800 (Varian Medical Systems, Palo Alto, CA, USA), respectively. In both
analyses, standards were run every 25 samples. To test if shipping altered gas
concentrations, a sample of gas standards (n=16) were filled with known CH4
concentrations, sent to Peru and taken into the field, then shipped back to the US and
analyzed 3.5 months later. This test showed a negligible (< 1%) variation in CH4
concentrations. Headspace gas flux (mg m-2 day-1) calculation followed these steps: (i)
correction of initial headspace concentration due to gas removal during extraction (using
ambient air)70 and (ii) application of ideal gas law equation (Equation 1) on the slope
obtained from the linear regression between corrected headspace concentrations and time
of each extraction.
Equation 1:
ܪܥܨͶ ൌ ܵ

ߤ݈݉
ܲ
ʹ͵
ͳǤͲͶ݇݃ ܸ݉͵
݈݉
ͺͶͲͲͲͳ ܿ݁ݏ ݉݃
ൈ
ൈ
ൈ
ൈ
ൈ
ൈ
ൈ
݉ʹ ͵ͳͲͳ ܿ݁ݏ݈͵  ܶܿ ʹʹǤͶͳͶ݉͵ Ͳͳ ʹ݉ܣ ߤ݈݉
݀ܽݕ
݇݃

Where:
FCH4: Soil methane flux in mg m-2 day-1; S: slope in μmol mol-1 sec-1 (or ppm sec-1); P:
atmospheric pressure in Pa; Tc: Air temperature in °C; V: Volume of chamber in m3; and
A: Area of chamber in m2.
A similar equation with gas-specific changes was used to calculate CO2 emissions.
Quality control of CH4 emission data was based on the following procedure: (i)
regression lines with well-defined linearity and positive slope were included (r2≥0.7). (ii)
When slope was positive and r2 was lower than 0.7, data was accepted if the coefficient
of variation (CV) of the points used for regression was lower or equal than 40%. (iii)
Data with negative slopes was included if they had an r2≥0.7 as well as a CV≤40%.
Quality control of CO2 fluxes followed a similar procedure with the only difference that
data with negative slopes (total excluded: n=23) was automatically excluded from the
final dataset. Overall 30 and 23 values of 382 were excluded from CH4 and CO2 dataset,
respectively.
1.2.4 DOC and porewater characterization
Porewater from three different layers of peat (10-20, 30-40, and 60-70 cm) was sampled
three times (June and August 2016, and January 2017) from a set of piezometers installed
6

in 20 de Enero (n=8) and Nueva York (n=7). These samples were split in situ for several
analyses. First, an aliquot (15 ml) was filtered through 0.45 μm nylon membrane filters
(GE Healthcare, Chicago, IL, USA), acidified to pH 2.0 with HCl, and stored in dark
plastic bottles under refrigeration (4 °C) until DOC and total dissolved nitrogen (TDN)
analysis was performed with a Shimadzu TOC-V Combustion Analyzer with a TNM-1
Total Nitrogen module (Shimadzu Scientific Instruments, Columbia, MD, USA) with a
detection limit of 0.05 mg L-1 and 0.5 μg L-1, respectively.
A second aliquot of filtered water (~5 ml) was used to characterize DOC properties
through spectrophotometry analyses. Within ~6 hours, porewater absorbance was
measured with a Blue-Wave Miniature spectrometer (StellarNet, Tampa, FL, USA),
attached to a SL5 Deuterium Tungsten Halogen light source (StellarNet, Tampa, FL,
USA), using a standard 1 cm UV grade cuvette and DI water for blank. Ultravioletvisible spectroscopy or spectral indices were calculated from specific absorption spectra.
Specific ultraviolet absorbance (SUVA254) derives from absorption at λ = 254 nm
divided by sample DOC concentration. SUVA254 (L mg C-1 m-1) is linearly related to
size of DOC and a higher ratio indicates a chemical composition dominated by
hydrophobic and highly aromatic material71. The E2:E3 ratio (λ = 254 nm to λ = 365 nm)
is also an indicator of DOC size and a smaller ratio means higher aromaticity72. The
E4:E6 ratio (λ = 465nm to λ = 665 nm) is inversely related to aromaticity and the degree
of humification with lower values associated to humic acids73.
A third aliquot of porewater (neither filtered nor acidified) was used to strip dissolved C
gases (dCH4 and dCO2) from water74, following this procedure: (i) Water sample (40 ml)
was put into a syringe, then (ii) 40 ml of ambient air was drawn into the syringe creating
a 1:1 (v/v) water/air ratio, (iii) the syringe was closed and shaken vigorously for 2
minutes while kept it port-side up, and (iv) 10 ml of headspace gas was injected into an
evacuated 5.9 ml Exetainer vial for chromatography analysis as explained in gas fluxes
section.
A subset of filtered and acidified porewater aliquots (15 ml) from the 10-20 cm layer,
collected in June 2016, was analyzed for dissolved cations, specifically calcium (Ca+2),
magnesium (Mg+2), iron (Fe+3), potassium (K+), sodium (Na+), nickel (Ni+2), and copper
(Cu+2) using an Optima 7000 DV Inductively Coupled Plasma Optical Emission
Spectrometer System (ICP-OES) (PerkinElmer, Waltham, MA, USA).
1.2.5 Ancillary measurements
All the following measurements were conducted concurrently to gas sampling on each
sampling date. Live pneumatophores were counted inside each collar. Depth to water
table was manually measured in an unlined well dug ~20 cm from each collar that was
kept covered with a plastic cap and foam material during the inter-sampling period. The
difference of water table between the hole and its contiguous collar was measured using
the water bubble leveling technique75. Electrical conductivity (not temperature
compensated), pH, and temperature of porewater were measured in the well using a
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calibrated meter (YSI 63, Yellow Springs, OH, USA). Peat (at 15 cm depth) and air
temperature were measured next to each collar using a Thermapen digital probe
(ThermoWorks, American Fork, UT, USA).
1.2.6 Statistical analysis
For our analysis, vegetation types were treated independently of peatland site. Simpson’s
diversity index was calculated (Past Software, version 3.16)76 for vegetation types using
the average species area basal (%) within plots, except in the open peatland where species
coverage (%) within transects and plots were used. Ordination of vegetation, porewater
chemistry, and environmental variables (pooled by plot) was conducted with Nonmetric
Multidimensional Scaling (NMS) in PC-ORD 5.0 (MJM Software Design) using
Sorensen (Bray-Curtis) distance measure and 2-axes as determined by the stress test77
(only plots where porewater was collected; n=15).
The porewater Ca+2/Mg+2 ratio was used to determine the trophic status of our peatlands.
If our ratio was greater compared to that of central Amazonia rainwater (1-3.5) and
global average of continental rainwater (2-6), then the peatland must have an additional
source of Ca+2 and was considered as minerotrophic75. Evaluation of porewater
chemistry, pH and conductivity across vegetation types was conducted with one-way
ANOVA using Tukey’s post-hoc test (R software, version 3.3.2). For pH and
conductivity, pooled averages per plot were used as “subjects” for the ANOVA test.
We ran a set of mixed effect models (PROC GLIMMIX, SAS 9.4, SAS Institute) to
assess the effect of vegetation type, microtopography and date on CH4 fluxes (soil or
ecosystem fluxes). Model 1: First, we only used soil CH4 fluxes data from the pole
forests and the palm swamps. Model 2: Then, all CH4 flux data from the three vegetation
types was used (i.e., including ecosystem fluxes). Model 3: only data from the open
peatland was used to analyze the plant type effect (sedge, fern and sponge plant) on the
ecosystem CH4 fluxes. We also assessed the influence of environmental variables
(pneumatophore density, water table, peat temperature, air temperature) on CH4 fluxes by
including them as covariates (ANCOVA). In addition, variation of these environmental
variables by vegetation, microtopography, and date were also evaluated using mixed
effect models.
Another set of mixed effects analyses was performed to determine the effect of the three
vegetation types, depth layer (10-20, 30-40, and 60-70 cm), and date on DOC, TDN,
spectral indices (SUVA254, E2:E3, and E4:E6) and dissolved C gases (dCO2 and dCH4).
In addition, we independently evaluated the effect of pneumatophore density, water table,
and peat temperature (average per microtopography) on DOC(ANCOVA).
Overall, the variance matrix of models was blocked by plot (except for model 3),
sampling date was the repeated measure and Tukey’s tests were used for post-hoc
comparison of means. Autoregressive covariance structure was used as determined by
looking at the fit statistics and the Kenward and Roger’s correction for degrees of
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freedom78. Thus, models were iteratively constructed beginning with categorical
predictors and their interactions, and followed by the inclusion of single covariates
(except for non-ANCOVA models). In models 2 and 3, log-transformation of CH4 fluxes
was needed, therefore, a standard amount was added to all fluxes to make them greater
than zero and allow their transformation8.
Negative values of water table depth indicate water was below the peat surface. Units of
methane fluxes are in mg m-2 d-1. Throughout the paper, data are presented as means and
standard errors (± 1 SE), and significance was determined at alpha= 0.05. Descriptive
statistics were generated with Sigmaplot 11.0 (Systat Software) and R version 3.3.2.
Throughout this document we refer to peatlands dominated by trees or palm trees such as
the pole forest and the palm swamp as “treed peatlands” for brevity.

1.3 RESULTS
1.3.1 Peat and environmental characterization
The three vegetation types differed only in terms of peat thickness and carbon
concentration, whereas they hadsimilar values for bulk density, percent of organic matter,
N content, and C/N ratio. Peat thickness was lower in 20 de Enero (244.3 ± 10.4 cm)
compared to Nueva York (392.9 ± 26.4; Table 1). Peat bulk density ranged between 0.04
to 0.12 g cm-3 (Table 2-4). Percent organic matter was similarly high (>90%) across the
three vegetation types (p>0.05). Mean C concentration was greater in the palm swamp
(p<0.05) than the other peatlands (Table 2-4). C/N ratio values were 22.6 ± 1.1, 22.8 ±
1.5 and 26.1 ± 1.4 for pole forest, open peatland, and palm swamp respectively.
The FTIR analysis based on relative peak areas (normalized to spectral area) revealed
that pole forest peat had the greatest relative abundances of carbohydrates, organic acids,
and aliphatics, followed by the palm swamp peat and the open peatland peat (p<0.05;
Table 5). The relative abundance of carbohydrates and aromatics (based on peak areas)
did not vary with depth in the pole forest, whereas carbohydrates of the open peatland
decreased with depth (Table 5). The overall FTIR spectrum of the 10-20 cm layer from
the open peatland was elevated compared to the deeper layers, whereas relative
absorbance from 30 and 60 cm depth looked similar across the vegetation types (Figure
3).
Porewater data showed the pole forest had the lowest Ca+2/Mg+2 ratio and pH confirming
its ombrotrophic status. The palm swamp had the highest concentrations of porewater
Ca+2 and Mg+2 across the vegetation types (p<0.05). In addition, concentration of Fe+3,
K+, Na+, Ni+, and Cu+ was similar among the three vegetation types (Table 6). Porewater
pH ranged between 3.5 and 4.6 and electrical conductivity was greatest in the open
peatland (p<0.01, Table 7).
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Water table varied by vegetation type, microtopography and sampling date. The lawns of
the open peatland had the highest water table (-1.6 ± 1.1 cm), whereas water tables were
lowest in hummocks of the palm swamp (-19.7 ± 2.1 cm) and the pole forest (-21.2 ± 1.9
cm). Likewise, the highest water table occurred in the open peatland during January 2017
(early wet season) while the lowest water table was in the palm swamp at early October
2016 (Figure 4).
Pneumatophore density differed by vegetation type, microtopography and sampling date.
No pneumatophores were present in the open peatland while pneumatophore density was
similar between the pole forest and palm swamp (Table 7). Among treed peatlands (i.e.,
pole forest and palm swamp), greatest pneumatophore densities occurred in lawns
compared to hummocks (184.0 ± 24.8 and 113.6 ± 17.8 pneumatophores m-2
respectively). In addition, greatest densities were shown in July 2016 (early dry season),
whereas, lowest densities occurred in late-August and January 2017 (mid dry and early
wet season; Figure 5).
Temperatures were driven by vegetation type and sampling date. Open peatland had the
highest peat, air and porewater temperature compared to the treed peatlands (Table 7).
Hummock coverage was 56 and 58% in pole forest and palm swamp plots, respectively.
In the open peatland, hummocks covered by ferns and sedges represent ~80% of peat
surface (Table 8).
1.3.2 Vegetation characteristics
We identified 72 vascular plant species (53 trees, 4 palms, 4 shrubs, 8 graminoids 2 forbs
and 1 vine) in the plots. Among trees, the most species-rich families were Apocynaceae,
Euphorbiaceae, Fabaceae, and Rubiaceae with 5 species each. Mauritia flexuosa palm
was the most common species found in the study area, occurring in all palm swamp and
pole forest plots (Table 8).
Multivariate Nonmetric Multidimensional Scaling (NMS) separated out three main plant
communities and had a 2-dimensional solution with a final stress of 6.82 and a final
instability of 0.00. The three main groupings confirmed our design as they separated out
into palm swamp dominated by the M. flexuosa palm and Tabebuia insignis tree, pole
forest dominated by thin-stemmed trees Pachira brevipes and Platycarpum sp., and open
peatland dominated by sedges (Cyperaceae sp.) and ferns (Blechnaceae sp; Table 8,
Figure 6). Most of the variance in the three vegetation groups was explained by axis 1
(49.4%) that was most related to water table depth (positively, r2=0.46) and electrical
conductivity (positively, r2=0.36); whereas, axis 2 explained 43.1% of variance and was
most related to Ca+2 (positively, r2=0.72) and pH (positively, r2=0.56; Table 9).
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1.3.3 Gas fluxes
Soil CH4 fluxes from the treed peatlands were 64.7 ± 8.8 and 72.7 ± 5.4 mg m-2 d-1 for
pole forest and palm swamp respectively (Table 10). The ecosystem CH4 fluxes mediated
by sedges (127.6 mg m-2 d-1) were greater than the other plant types in the open peatland
(Table 11). Likewise, soil CO2 flux rates and the ratio of soil CO2/CH4 were greater in the
palm swamp compared to pole forest (Table 10).
1.3.3.1 Mixed effect models
Soil CH4 fluxes from the treed peatlands (pole forest and palm swamp) were only
affected by sampling date, whereas other factors did not show any effect (Model 1, Table
12). The same effect occurred when ecosystem CH4 fluxes from the open peatland were
included in the analysis (Model 2: soil fluxes from treed peatlands + ecosystem fluxes
from open peatlands). Overall, greater emissions occurred at the beginning of August
2016 (early dry season: ~100 mg CH4 m-2 d-1), whereas lowest were in late November
2016 (early wet season: ~35 mg CH4 m-2 d-1, Figure 8). Ecosystem CH4 fluxes from the
open peatland were only driven by plant type, with highest emissions associated with
sedges, intermediate in sponge plants, and lowest in ferns (Model 3, Tables 11 and 13).
1.3.3.2 Relationship with continuous variables
From all continuous variables included as covariates in our mixed effect models, only
pneumatophore density showed a significant relationship with CH4 fluxes (Model 2: soil
+ ecosystem fluxes). Water table and peat temperature were not linearly associated with
CH4 fluxes (p<0.05). Despite the fact that air temperature was not significant in our
ANCOVA mixed effect models, in a linear regression air temperature explained 2% of
CH4 flux (p<0.01, soil + ecosystem fluxes, Figure 9). Pneumatophore density was
significant in the ANCOVA mixed effect model (F=4.8, p=0.03; Table 14) and was
directly related to soil CH4 fluxes from the treed peatlands (r2=0.02, p<0.01; Figure 10).
1.3.4 Porewater DOC characterization and dissolved C gases
Dissolved organic carbon from porewater was 25.3 ± 1.2, 33.6 ± 1.6, and 36.6 ± 2.0 mg
L-1 for the open peatland, the pole forest and palm swamp respectively (Table 15). Some
extreme values were excluded from the dataset: seven values ranging from 88 to 550 mg
L-1.
1.3.4.1 Mixed effect models
DOC was affected by vegetation type and sampling date, but not by depth of peat profile
(Table 16). DOC from the open peatland was 25-30% lower than DOC from the pole
forest and the palm swamp (Table 15). In treed peatlands, highest DOC concentrations
occurred during June 2016 (~37 mg L-1) compared to August and November 2016 (29-33
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mg L-1), however DOC concentrations from the open peatland were similar among all
sampling dates (~25 mg L-1; vegetation x date: F=3.85 and p<0.01; Figure 11).
1.3.4.2 Relationship with continuous variables
Peat temperature was not significant as a covariate in our DOC models, but in a linear
regression peat temperature was inversely related to DOC (Figure 12; r2=0.19 and
p<0.01). Only pneumatophore density was a significant predictor of DOC concentration
in our ANCOVA mixed effect models (F=6.90, p=0.01) with lower DOC concentrations
and absence of pneumatophores coinciding in the open peatland (Figure 13). In a linear
regression, pneumatophore density explained a significant fraction of variation in all
DOC data (r2=0.37, p<0.01; Figure 13).
1.3.4.3 Other pore water variables
Most pore water variables varied across the vegetation types except for total dissolved
nitrogen and dissolved CH4. Spectral indices (SUVA254, E2:E3, and E4:E6) showed
DOC from the open peatland was more decomposed, hydrophobic and aromatic than
DOC from the treed-peatlands (all: p<0.01; Table 15). In the open peatland, dissolved
CO2 was ~60% lower compared to pole forest and palm swamp (F=13.59, p<0.01).
Overall, total dissolved nitrogen, spectral indices and dissolved C gases changed by
sampling date (p<0.01). Total dissolved nitrogen and SUVA254 values were greater
during June 2016 (early dry season), while E2:E3, E4:E6, dCO2 and dCH4 were greater in
August 2016 (mid dry season). Only total dissolved nitrogen (F=6.75, p<0.01) and dCH4
(F=25.42, p<0.01) varied by depth, being elevated at the deeper layer (65 cm) in both
cases, and showing a tendency to increase with depth for dCH4 (Table 15).

1.4 DISCUSSION
1.4.1 Methane fluxes
1.4.1.1 Objective: to quantify the magnitude of CH4 fluxes across different
peatland types in the PMB
Methane emissions (soil fluxes in treed peatlands + ecosystem fluxes in open peatlands)
coming from the main vegetation types of PMB were 25.5 ± 1.9 g CH4 m-2 yr-1. Our
values are greater than soil diffusive CH4 emissions reported for other peatland sites in
the PMB (17.6 ± 1.5 g CH4 m-2 yr-1)26, peat swamps in Indonesia (<1.36 ± 0.57 g CH4 m2
yr-1)11, and natural northern peatlands (10.1 - 20.9 g CH4 m-2 yr-1)79. However, our
estimates are similar to those reported for Brazilian wetlands in the Negro River (28 g
CH4 m-2 yr-1)80 and lower than soil emissions from palm swamps and open peatlands of
Madre de Dios in South Peruvian Amazon (57.8 g CH4 m-2 yr-1)81. These comparisons
indicate the relevance of tropical peatlands in the global methane budget, the contrast
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between SE Asian and Peruvian peatlands, and the variation of CH4 fluxes between
peatlands in the Amazon basin (PMB vs South Amazon).
Based on our CH4 flux data for each peatland type in PMB, coverage by dominant plant
(sedge, fern or sponge plant) and microtopography (hummock-lawn) types in the open
peatland and the treed peatlands respectively, and estimated area of peatland types15 in
the PMB, we estimated that CH4 emissions from PMB (soil fluxes in treed peatlands and
ecosystem fluxes in open peatlands) was 0.9 ± 0.1 Tg CH4 yr-1 (rough estimate with no
we season data). This estimation along with other available publications for PMB23–26
would help to fill the existing discrepancy between bottom-up and top-down CH4 flux
estimations and would support the hypothesis that hotspots of atmospheric methane
found in South America by satellite models27 and aircraft data82 derive from biogenic
sources (Amazon floodplain or Bolivian wetlands)82.
1.4.2 Predictors of methane fluxes
1.4.2.1 Objective: to determine the predictors of CH4 fluxes across different
peatland types in the PMB.
1.4.2.1.1 Hypothesis 1: Greater soil CH4 fluxes are expected in the minerotrophic
open peatlands where absence of lignified litter tissue (e.g. branches or
stems), along with nutrient availability, will favor a greater peat
decomposition.
Surprisingly, CH4 fluxes did not change across the vegetation types of PMB despite the
clear differences in structure, floristic composition (open peatland vs treed peatlands,
Table 8), and trophic status (minerotrophic vs ombrotrophic, Table 6). This finding does
not agree with the general pattern shown by peatlands8 and other studies in Peruvian
Amazon peatlands (PMB26 and Puerto Maldonado81) where the vegetation influenced the
emissions of methane. Our analysis was only based in two peatland sites and likely
including more sites might show different patterns in CH4 emission rates.
Peat quality and DOC quality were different between the open peatland and the treed
peatlands, but that difference did not lead to different methane emissions. We found the
lowest relative abundance of organic acids and carbohydrates in peat from open peatland
(Table 5), indicating more plant decomposition associated to oxidative processes83 might
be occurring in the treed peatlands compared to the open peatland. Likewise, spectral
indices showed that DOC is more aromatic and humified in the open peatland suggesting
that most fresh plant material is available in treed peatlands (Table 15). Peat, air and pore
water temperature (Table 7) as well as methane in pore water (not significant, Table 15)
were greater in the open peatland suggesting an increased microbial activity in terms of
methanogenesis. Therefore, we hypothesize that a combination of differing specific
below-ground processes is leading to similar final CH4 emissions in both open and treed
peatlands: higher temperatures driving consumption of labile organic acids leading to
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more methanogenesis in open peatlands vs availability of fresh material combined with
insufficient oxidation by pneumatophores in treed peatlands.
1.4.2.1.2 Hypothesis 2: In the open peatland, aerenchymatous species (e.g.
sedges) will lead to the greatest ecosystem CH4 fluxes due to their
effectiveness to transport CH4 outside of peat profile.
When we moved the analysis from among- to within-vegetation type scale we found that
plant type conditioned the ecosystem CH4 fluxes in the open peatland (Table 13, greater
emission in sedges). Ecosystem emissions include the three mechanisms of CH4 transport
from soil to atmosphere (diffusion, ebullition and plant-mediated). The difference among
the three vegetation types might be mainly explained by the presence of aerenchymatous
tissue in sedges84 and sponge plants85 and the lack of aerenchymatous structures showed
by several fern species growing in wetlands86,87.
Our findings are consistent with previous reports stating that plant-mediated emissions
are important sources of CH4 in tropical peatlands88 and that the magnitude of theses
emissions may change with plant species and size55. Methane emissions from stems of M.
flexuosa palms would increase our estimates of soil fluxes by ~20%24. Considering that
palms swamps cover 78% of the entire basin and M. flexuosa is present in both palm
swamps and pole forests (54 and 8% of relative abundance respectively, Table 8) we
added the 20% to the palm swamp methane emissions and our final estimate for PMB
could reach 1.0 ± 0.1 Tg CH4 yr-1 (rough estimate without wet season data). It must be
considered that this estimate is not including the plant-mediated emissions from woody
species (dominant in pole forests, Table 8).
1.4.2.1.3 Hypothesis 3: Lower CH4 fluxes are expected at lower water table
levels and hummock topographic positions, while greater
pneumatophore density will lead to greater CH4 fluxes.
In contract with SE Asian peatlands19, methane emissions were not associated with water
table positions in any of our models (p>0.05). It is important to point out that we did not
collect data during the mid and late-wet season when water table tend to increase as well
as methane emissions. Therefore, this relationship might become significant after a
whole-year data collection.
Contrary to our predictions, although water tables rose in the early wet season, average
CH4 emission rates were greater during the dry season compared to the early wet season
(78.2 vs 44.5 mg CH4 m-2 d-1). Peat in our sites would be considered as hemic based on
Von Post data (scale: 4-5) or fibric based on the lower bulk density (~0.06 g cm-3, Tables
2-4)89, therefore peatlands in PMB have a high water holding capacity which allows them
to store vast amounts of water even during the dry season90. This volume of water
retained in peat creates an anaerobic environment suitable for methanogenesis and,
consequently, higher CH4 emission rates even until the middle of the dry season (Figure
8).
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We hypothesize that presence of pneumatophores as part of the root system of M.
flexuosa palm is highly relevant for CH4 budget in PMB. This root system can reach ~60
cm below surface and 40 m horizontally91, explaining the fact that the density of
pneumatophores was similar between the pole forest and the palm swamp despite the
lower relative abundance of M. flexuosa palms in the pole forests. Thus, pneumatophores
would cover ~87% of PMB area (31,418 km2)15. Pneumatophores transport oxygen into
the peat profile, which would explain the highest abundance of organic acids derived
from root exudation and/or oxidation in treed peatlands (Table 5). These organic acids
along with carbohydrates are a substrate for methane production that is released to the
atmosphere by the pneumatophores. However, pneumatophores also favor the oxidation
of methane in shallow peat layers and/or the rhizosphere, explaining the low degree of
association found between pneumatophore density and soil CH4 fluxes (r2 = 0.02, Figure
10), i.e., the net result of both processes pneumatophore-mediated CH4 emissions and
enhanced CH4 oxidation by pneumatophore-fixed O2 would favor methane emissions.
Thus, wide-spread palm associated pneumatophores from PMB might partially explain
the huge difference in soil CH4 emissions between peatlands of PMB and SE-Asian
peatlands (~18 times more emissions in PMB).
In disagreement with our hypothesis, there was no difference between average CH4
emissions of hummocks and lawns (Tables 12 and 14). This pattern parallels the lack of a
water table effect. However, emissions from hummocks showed a stronger temporal
variation compared to lawns (Figure 14). This finding would also suggest that
pneumatophores allow CH4 emissions to keep constant, as more pneumatophores were
found in lawns compared to hummocks (276.9 ± 12.1 vs 164.5 ± 9.2 pneumatophores m2
).
1.4.2.1.4 Relationship with temperature and sampling date
Another variable associated with CH4 emissions was air temperature, with greater
temperatures recorded in the open peatland (Figure 9). It is well known that
methanogenesis is highly sensitive to temperature (Q10 = 2)92 and it seems that is a
dominant variable in the open peatland where the lack of tree shading leads to higher peat
and pore water temperatures. The enhanced methanogenic activity hypothesis might be
supported by the lowest amount of carbohydrates and organic acids found in open
peatlands (Table 5), indicating an active consumption of these organic compounds by
microbes.
Sampling date also was a significant predictor for CH4 emissions (Tables 12 and 14),
however we must be cautious about these results because our dataset is strongly timelimited (eight sampling dates in one year) and do not consider diel (within-day), seasonal
(complete within-year) and historical (between-years) temporal variation of emissions69.
In any case, we should point out that soil CH4 fluxes from treed peatlands and both soil
fluxes from treed peatlands + ecosystem fluxes from open peatlands showed the same
temporal variation in our dataset (Figure 8).
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1.4.3 Dissolved organic carbon in pore water
1.4.3.1 Objective: to quantify the magnitude of porewater DOC across different
peatland types in the PMB
To our knowledge, our results represent the first published dataset of porewater DOC
derived from peatlands in the PMB. The annual average DOC for our study (33.1 ± 0.9
mg L-1) was about the half of porewater DOC concentrations reported for pristine
peatlands in SE Asia (62.2 ± 2.2 and 68.0 ± 0.5 mg L-1) 64,93 and was even lower than
deforested peatlands of Borneo (79.9 ± 5.5 mg mg L-1)64. This marked contrast in DOC
concentration as well as in SUVA254 index (5.7 ± 0.1 vs 3.9 ± 0.3 for PMB and SE-Asia
respectively) might indicate that labile DOC is quickly decomposed by microbial activity
and consequently it might be another factor favoring the higher CH4 emissions found in
PMB compared to peatlands in SE-Asia11.
1.4.4 Predictors of dissolved organic carbon in pore water
1.4.4.1 Objective: to determine the predictors of porewater DOC across different
peatland types in the PMB.
1.4.4.1.1 Hypothesis 4: Greater DOC concentrations are expected under lowered
water tables because of enhanced peat decomposition, while
vegetation type will also affect DOC concentration because differing
litter inputs and root exudates would promote contrasting patterns of
solid peat decomposition.
Porewater DOC concentration to 60 cm-depth was not influenced by water table.
However, DOC from the open peatland did not vary among our three sampling dates
(p<0.05, Figure 11) matching with the lightest change of water table from our three
vegetation types (from -10 to 5 cm, Figure 5). In the treed peatlands the highest levels of
DOC were found during the early dry season (Figure 11) when water held by fibrichemic peat might avoid the oxidation of DOC, whereas the lowest DOC was found in
early August (Figure 11) when oxidation might be more effective due to loss of retained
water. Still more sampling dates as well as direct measurements of water holding capacity
and porewater turnover are needed to better explain this possible pattern.
The lowest porewater DOC found in the open peatland compare to the treed peatlands
(Figure 11) represents an interesting finding that must be analyzed with the other finding
related to DOC. Spectral indexes indicate that DOC from the open peatland was more
aromatic and well decomposed (Table). The highest peat temperature was found in the
open peatland and there was a negative relationship between pore water DOC and peat
temperature (Figure 12). There was a lack of pneumatophores in the open peatland and
pneumatophore density was directly associated to DOC concentration (Figure 13). Thus,
solid peat decomposition and posterior production of labile DOC (more in treed
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peatlands) might be promoted by the oxygen fixed by pneumatophores present in treed
peatlands. Although there were aerenchymatous plants in the open peatland, it is unclear
how they compare to M. flexuosa in transport of oxygen into the peat. Alternatively,
labile DOC released by fine roots of M. flexuosa palm, likely associated with
pneumatophores, might cause the difference of DOC found between treed and open
peatlands. Likewise, higher peat temperatures favored by lack of tree coverage might
promote the consumption of DOC by microbial activity and, consequently, the
production of methane and carbon dioxide.
1.4.5 Implications
Our data show contrasting patterns of methane fluxes and porewater dissolved organic
carbon dynamics between peatlands of PMB and SE Asia. These findings indicate that
considering a pantropical parameterization of models of these pools and fluxes would not
be accurate. Our research is helping to generate parameters for ecosystem models that
could be applied for the Pastaza Marañon Basin and to fill the gap existing between
atmospheric and ground-based estimations of methane. However, recent studies
conducted in other peatlands sites of PMB26 and limitations associated with our research
design (number of sites and lack of complete wet season sampling) suggest that more
research is needed to better understand the spatial and temporal variation of both methane
fluxes and porewater DOC. For example, direct measurements of palm- and treemediated CH4 fluxes would be a nice complement of our research. Likewise, we think
our pioneer study about porewater DOC is expected to be the first step for other projects
seeking to calculate DOC waterborne losses and, consequently, better understanding the
carbon cycle in PMB.

1.5 CONCLUSIONS
Methane emissions from the Pastaza Marañon Basin (25.5 ± 1.9 g CH4 m-2 yr-1) are 18fold the soil CH4 fluxes from SE Asian peatlands and annual estimated CH4 emissions for
the entire basin is 0.9 ± 0.1 Tg CH4 yr-1 (rough estimate because we do not have data
from wet season). This estimation will help to fill the discrepancy between bottom-up and
top-down CH4 flux estimations. Based in our findings, methane fluxes are conditioned by
micro-scale variables such as plant type in the open peatlands, air temperature and
pneumatophore density.
Annual estimated porewater DOC in the Pastaza Marañon Basin is much lower than
estimates for pristine, deforested and drained peatlands of SE Asia. Variation of DOC
concentration is associated to vegetation type, decomposition status of peat (fibrichemic), quality of DOC, peat temperature and pneumatophore density. We hypothesize
that the highest emissions of CH4 were associated with lower DOC concentrations
because labile DOC can be used as a substrate by microbes responsible of
methanogenesis. Likewise, it seems that pneumatophores belonging to the root system of
M. flexuosa palm are highly relevant for the carbon cycle in the peatlands of PMB
17

because they are strongly involved in the dynamics of methane and dissolved organic
carbon.
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Nueva York14

20 de Enero

Site

Pole forest

3.1

9

300.0

392.9

515.0

Table 1. Peat depth along the transects in the peatland sites.
Length of
Pure peat depth (cm)
Number
transect
Vegetation
of cores
(km)
type
Minimum Average Maximum
Palm swamp
2.3
30
114.0
237.6
344.0
Open peatland
0.4
4
227.0
294.6
366.0

Table 2. Peat properties from cores collected in the palm swamp.
Bulk
Loss-onC content
N content
density
Vegetation Depth Number of
(%)
(%)
ignition
(g cm-3)
type
(cm)
samples
Mean SE Mean SE Mean SE Mean SE
0-10
12;0;0;0
0.04 0.01
Palm
swamp
10-20
12;2;2;2
0.06 0.01 93.09 0.11 52.42 1.86 2.12 0.13
20-30
12;0;0;0
0.08 0.01
30-40
12;2;4;4
0.07 0.00 96.06 0.53 54.92 0.84 1.79 0.10
40-50
12;0;2;2
0.06 0.00
54.84 1.11 1.66 0.16
60-70
0;1;1;1
86.99
50.80
1.38
0-40
2;2;2;2
0.11 0.02 97.72 0.56 53.63 1.03 2.51 0.17
40-80
2;2;2;2
0.08 0.01 98.38 0.02 54.82 0.82 2.45 0.12
80-120
2;2;2;2
0.06 0.01 97.85 0.08 54.42 0.69 2.50 0.01
120-160
2;2;0;0
0.06 0.00 97.99 0.66
160-200
2;2;0;0
0.07 0.01 92.59 5.19
200-240
1;1;0;0
0.08
93.80
240-272
1;1;0;0
0.08
76.56
0-50
1;1;1;1
0.11
98.01
54.62
2.51
50-100
1;1;1;1
0.09
97.91
54.94
2.70
100-150
1;1;1;1
0.05
97.51
52.79
2.75
150-200
1;1;0;0
0.07
97.56
200-235
1;1;0;0
0.11
81.49
200-248
1;1;0;0
0.10
85.15
a
Average
78;23;18;18 0.07 0.00 94.01 1.29 54.06 0.39 2.17 0.10
SE: ± 1 Standard error. Letters denote significant difference (p<0.05) between vegetation types as tested by ANOVA using Tukey’s
post-hoc test. Number of samples refers respectively to each variable from left to right.
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Table 3. Peat properties from cores collected in the open peatland.
Bulk density
Loss-onC content
Vegetation
Depth Number of
-3
(g cm )
ignition
(%)
type
(cm)
samples
Mean SE Mean SE
Mean
SE
0-10
4;0;0;0
0.05
0.01
Open
peatland
10-20
4;2;1;1
0.06
0.00 96.94 0.47
52.32
20-30
4;0;0;0
0.07
0.01
30-40
4;2;2;2
0.07
0.01 95.48 0.59
52.13
0.92
40-50
4;0;0;0
0.07
0.00
60-70
0;2;2;2
86.01 1.91
52.89
0.66
0-50
0;0;1;1
53.00
50-100
0;0;1;1
55.39
100-150
0;0;1;1
55.49
ab
Average
20;6;8;8
0.06
0.00 92.81 2.23 53.28
0.53
N content
(%)
Mean SE
2.76
1.94 0.22
2.16 0.27
2.85
2.80
2.65
2.41 0.15

SE: ± 1 Standard error. Letters denote significant difference (p<0.05) between vegetation types as tested by ANOVA using Tukey’s
post-hoc test. Number of samples refers respectively to each variable from left to right.
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Table 4. Peat properties from cores collected in the pole forest.
Bulk density
Loss-onC content
Vegetation
Depth Number of
-3
(g cm )
ignition
(%)
type
(cm)
samples
Mean SE Mean
SE
Mean
SE
Pole forest
10-20
0;3;3;3
95.16 1.83 50.78 0.94
30-40
0;3;1;1
97.95 0.71 53.64
60-70
0;3;0;0
95.60 1.51
0-50
2;2;0;0
0.08 0.00 95.62 1.71
50-100
2;2;0;0
0.05 0.00 95.93 1.66
100-150
2;2;0;0
0.08 0.00 87.46 8.78
150-200
2;2;0;0
0.07 0.03 89.47 5.11
200-250
2;2;0;0
0.06 0.02 89.62 6.26
250-300
1;1;0;0
0.12
77.93
300-350
1;1;0;0
0.07
85.73
250-316
1;1;0;0
0.06
95.23
b
Average
13;22;4;4
0.07 0.01 92.78 1.37 51.50
0.97
N content
(%)
Mean SE
2.20 0.10
2.58
2.30 0.12

SE: ± 1 Standard error. Letters denote significant difference (p<0.05) between vegetation types as tested by ANOVA using Tukey’s
post-hoc test. Number of samples refers respectively to each variable from left to right.

22

10-20
30-40
60-70

10-20
30-40
60-70

10-20
30-40
60-70

0
3
2

2
2
1

2
2
2

-

4.7
4.5
4.6

5.8
5.4
5.7a

4.6
5.1
4.8
4.8

4.4
4.4
4.6
4.5

-

5.9
4.1
5.8
5.2ab

4.8
3.8
3.7
4.1b

2.0
1.7
1.9a

-

1.6
2.4
1.8
2.0a

1.3
1.2
1.4
1.3b

1.1
1.0
1.1a

-

0.8
1.1
0.7
0.9ab

0.8
0.7
0.8
0.8b

2.9
2.4
2.7a

-

2.2
2.5
2.1
2.3ab

2.1
1.7
1.9
1.9b

Letters denote significant difference (p<0.05) between vegetation types as tested by ANOVA using Tukey’s post-hoc test.

Average

Pole forest

Average

Palm swamp

Average

Open peatland

Table 5. Relative peak areas (baseline-corrected and normalized to spectral area) derived from peat samples using Fourier-transform
infrared analysis.
Chemical group (relative peak areas x 10-2; arbitrary units)
Vegetation
Depth Number of
Carbohydrates
Aromatics
Organic acids Aliphatics Aliphatics
type
(cm)
samples
-1
-1
1030 cm
1510+1630 cm
1720 cm-1
2850 cm-1 2920 cm-1

23

Table 6. Water chemistry (mg L-1) of porewater from vegetation types.
Vegetation type
Cation
Open peatland
Palm swamp
Pole forest
Mean
SE
Mean
SE
Mean
SE
+2
a
a
b
Ca
2.928
0.279
4.679
0.742 0.425
0.028
Mg+2
0.263ab
0.010
0.510a
0.132 0.137b 0.019
Fe+3
0.225
0.052
0.264
0.056
0.342
0.066
K+
0.634
0.116
1.212
0.342
1.043
0.185
+
Na
1.537
0.175
2.258
0.245
1.501
0.340
Ni+2
0.005
0.000
0.014
0.006
0.010
0.001
+2
Cu
0.011
0.004
0.020
0.008
0.008
0.002
+2
+2
a
a
b
Ca /Mg
11.190
1.163 10.046
0.883 3.425
0.442
Letters denote significant difference (p<0.05) between vegetation types as tested by
ANOVA using Tukey’s post-hoc test. SE: ± 1 Standard error.
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From plot means. Lower case letters denote significant difference (p<0.05) among vegetation types tested by ANOVA and
Tukey’s post-hoc tests. Upper case letters denote significant difference (p<0.05) among vegetation types tested by mixed effect
models using Tukey’s post-hoc test SE: ± 1 Standard error. Negative water tables indicate water was below the surface.

+

Table 7. Average values+ of environmental variables analyzed across vegetation types.
Vegetation type
Environmental variable
Open peatland
Palm swamp
Pole forest
Mean
SE
Mean
SE
Mean
SE
A
B
B
Water table depth (cm)
-5.7
1.5
-12.7
1.6
-12.1
0.8
-2
B
A
A
Pneumatophore density (#pneu m )
0.0
0.0
266.4
22.4
198.0
27.2
Peat temperature (°C)
26.4A
0.4
25.3B
0.1
25.1B
0.1
A
B
B
Air temperature (°C)
31.8
0.6
27.7
0.4
27.4
0.2
A
B
B
Porewater temperature (°C)
27.2
0.5
25.7
0.1
25.5
0.0
a
b
c
Porewater pH
4.6
0.1
4.0
0.1
3.5
0.1
Electrical conductivity (μS cm-1)
98.4a
14.4
52.2c
3.7
67.1b
4.9

Mauritia flexuosa*
Tabebuia insignis*
Ilex andarensis
Lueheopsis hoehnei
Mauritiella armata
Pachira brevipes*
Platycarpum sp.*
Mauritia flexuosa
Tovomita sp.
Hevea sp.

Palm swamp

Pole forest

Open peatland

Vegetation
type
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21

0.76

0.32

44.6
19.3
8.4
6.5
4.1

53.7
10.2
6.1
6.1
4.8

100.0
100.0
100.0
70.0
40.0

100.0
75.0
87.5
37.5
75.0

Table 8. Summary of floristic characterization across vegetation types.
Number
Relative
Relative
Simspon's
Species
of
abundance frecuency
index
species
(%)+
(%)+
Blechnaceae sp. (Fern)*
20
0.60
100.0
Cyperaceae sp. (Sedge)*
100.0
Limnobium sp. (Sponge plant)
67.0

313.3
328.4
185.2
32.4
22.1

741.6
35.9
20.9
26.3
12.8

Basal
area
(m2)+

74.9
11.8
21.6a

Coverage
(%)+

* indicator species. + Cumulative value of plots per vegetation type. aInclude other herbaceous microforms and bare peat.
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Table 9. Pearson (r, r2) and Kendall ranked (tau) correlations of environmental
variables/porewater chemistry with NMS ordination axes.
Axis 1
Axis 2
Environmental
2
variables
r
r
tau
r
r2
tau
Water table depth
0.68
0.46
0.42 0.44
0.19
0.40
pH
0.60
0.35
0.41 0.75
0.56
0.41
Electrical conductivity 0.60
0.36
0.33 0.06
0.00 -0.01
Ca+2
-0.28
0.08 -0.11 0.85
0.72
0.58
+2
Mg
-0.40
0.16 -0.15 0.60
0.36
0.56
+3
Fe
-0.07
0.01 -0.03 -0.38 0.14 -0.33
K+
-0.52
0.27 -0.49 -0.02 0.00
0.01
+
Na
-0.32
0.10 -0.28 0.35
0.12
0.64
+2
Ni
-0.49
0.24 -0.35 0.03
0.00 -0.25
+2
Cu
-0.34
0.12 -0.17 0.38
0.14
0.13
Table 10. Average soil gas fluxes (all data) by vegetation type.
Soil CH4 flux
Soil CO2 flux
Plots
Soil CO2/CH4
Vegetation
-2
-1
(mg m d )
(g m-2 d-1)
and
type
collars Mean SE n Mean SE n Mean SE
n
10;20
Pole forest
64.7 8.8 149 11.4 1.2 143 211.5 77.6 135
9;17
Palm swamp
72.7 5.4 129 16.2 2.1 133 400.6 108.5 129
Table 11. Ecosystem CH4 fluxes from different plant types in the open peatland.
Ecosystem CH4 flux
Plots
(mg m-2 d-1)
and
Plant type
collars
Mean
SE
n
Sponge plant*
5;5
72.2
26.6 35
Fern
3;3
12.2
13.0 17
Sedge
3;3
127.6
18.9 22
Open peatland
6;11
74.9
14.8 74
* Include bare soil
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Table 12. Repeated measures mixed effect model analyzing soil CH4 fluxes* from the
treed peatlands (Model 1).
Numerator Denominator
FpEffect
df
df
value value
Vegetation
1
66.96
0.60 0.4428
Microtopography
1
66.96
0.26 0.6111
Vegetation x Microtopography
1
66.96
0.41 0.5222
Date
7
68.76
2.83 0.0118
Vegetation x Date
7
68.76
0.94 0.4851
Microtopography x Date
7
68.76
1.04 0.4147
Vegetation x Microtopography x Date
7
68.76
1.06 0.4000
* Exclude fluxes from the open peatland. Significant effects are in bold (p<0.05).
Table 13. Repeated measures mixed effect model analyzing log-transformed ecosystem
CH4 fluxes from the open peatland (Model 3).
Numerator Denominator
FpEffect
df
df
value
value
Plant type
2
15.52
4.24
0.0339
Date
7
13.54
1.42
0.2741
Plant type x Date
14
15.09
0.36
0.9694
Significant effects are in bold (p<0.05).
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Table 14. Repeated measures ANCOVA mixed effect model analyzing log-transformed CH4 fluxes* from the three vegetation types
(Model 2).
Numerator Denominator
Effect
F-value p-value
df
df
Vegetation
2
73.86
0.95
0.3897
Microtopography
1
71.07
0.07
0.7991
Vegetation x Microtopography
2
68.86
0.14
0.8673
Date
7
95.16
5.27
<0.0001
Vegetation x Date
14
125.9
0.83
0.6326
Microtopography x Date
7
95.44
1.62
0.1386
Vegetation x Microtopography x Date
14
125.8
0.99
0.4718
Pneumatophore density
1
89.73
4.8
0.0310

* Soil fluxes from treed peatlands + ecosystem fluxes from open peatlands. Significant effects are in bold (p<0.05).
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10-20
30-40
60-70
Average

Palm
swamp

10-20
30-40
60-70
Average

Pole forest

10-20
30-40
60-70
Average

Open
peatland

32.8
36.8
40.1
36.6a

33.4
33.6
33.8
33.6a

25.3
25.0
25.7
25.3b

3.9
3.4
2.9
2.0

2.2
2.2
4.1
1.6

2.4
1.9
2.9
1.2

1.1
1.3
1.5
1.3

1.1
1.2
1.2
1.2

1.0
0.9
1.6
1.2

0.1
0.1
0.2
0.1

0.1
0.1
0.1
0.0

0.1
0.1
0.0
0.1

2.5
2.4
2.4
2.5b

2.8
2.8
2.8
2.8a

2.4
2.4
2.4
2.4c

0.1
0.1
0.1
0.0

0.0
0.0
0.0
0.0

0.0
0.1
0.0
0.0

1.2
1.2
1.2
1.2b

1.8
1.7
1.7
1.7a

1.1
1.1
1.2
1.1b

0.0
0.0
0.0
0.0

0.1
0.0
0.1
0.0

0.0
0.0
0.0
0.0

5.8
5.5
5.2
5.5b

5.6
5.3
5.4
5.4b

6.9
6.9
7.3
7.0a

0.3
0.2
0.2
0.1

0.2
0.2
0.5
0.2

0.3
0.2
0.6
0.2

816.6
2,082.0
3,942.7
2,280.4

1,685.2
2,452.9
3,505.7
2,547.9

218.7
353.4
705.9
426.2

280.0
456.4
261.7
251.7

2,974.2 1,039.2
2,041.5 102.5
4,741.8 1,897.3
3,252.5 740.0

Table 15. Average values* of porewater variables grouped by vegetation type and depth.
DOC
TDN
SUVA254
E2:E3
E4:E6
dCH4 (ppm)
-1
-1
(mg L )
(mg L )
(L mg-1 m-1)
Vegetation Depth
type
(cm)
Mean SE Mean SE Mean SE Mean SE Mean SE
Mean
SE

From plot means. Letters denote significant difference (P<0.05) between vegetation types as tested by ANOVA using Tukey’s posthoc test. SE: ± 1 Standard error. dCH4 is CH4.

*
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Table 16. Results from a repeated measures mixed effect model analyzing dissolved
organic carbon concentration along the vegetation types and among peat depths.
Numerator Denominator
Effect
F-value p-value
df
df
Vegetation
2
38.14
6.94
0.0027
Depth
2
30.64
0.48
0.6224
Vegetation x Depth
4
31.75
0.19
0.9433
Date
2
49.6
27.52
<0.0001
Vegetation x Date
4
52.06
3.85
0.0081
Depth x Date
4
52.16
0.71
0.5873
Vegetation x Depth x Date
8
53.49
1.99
0.0655
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Figures

Figure 1. Rainfall patterns along period 2000-2013 and during the year of sampling. Wet
and dry season are displayed. Data are means 1 ± SE.
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Figure 2. Map of PMB indicating the peatland sites (red stars). Mini map shows the
transect in 20 de Enero site.
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Figure 3. Collar surrounding the culm of sedges in the open peatland (left). PVC
extensions used to measure ecosystem gas fluxes (right).
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Figure 4. Mean non-normalized FTIR spectra of peat sampled at three different depths
(n=2), with open peatland and pole forest spectra stacked above (at 0.05 and 0.10
absorbance, respectively) palm swamp spectra for comparison. Vertical dashed lines
indicate most of the wavenumbers where peaks were analyzed.
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Figure 5. Water table depth changes by vegetation type along the sampling period.
Symbols represent the average water table from all plots taken in that date. Dashed
horizontal line indicates the peat surface. Positive water table indicates that surface was
flooded. Error bars are ± 1 SE.
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Figure 6. Pneumatophore density variation by vegetation type along the sampling period.
Symbols represent the average density from all plots taken in that date. No
pneumatophores were found in the open peatland. Error bars are ± 1 SE.
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Figure 7. NMS diagram of plots and environmental vectors grouped by vegetation type.
The first and second axes explain 49.4% and 43.1% respectively of the variation in the
ordination. Cutoff r2 value for vector is 0.30. Circles around each vegetation type are for
illustrative purposes. Species are included, and indicator species codes are enclosed by
asterisks. MauFle: M. flexuosa, TabIns: T. insignis, CypInd: sedge, BleInd: fern, PacBre:
P. brevipes, and PlatInd: Platycarpum sp.
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Figure 8. Methane fluxes variation by sampling date. Symbols represent the average flux
from all plots taken in that date. Soil fluxes from treed peatlands and ecosystem fluxes
from open peatlands. Error bars are ± 1 SE.
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Figure 9. Association between air temperature (all data) and CH4 emissions (soil fluxes
from treed peatland + ecosystem fluxes from open peatlands) grouped by vegetation type.
Y-Axis scale was adjusted to better visualization, leaving some outliers out of plot (n=3).
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Figure 10. Association between pneumatophore density (all data) and soil CH4 emissions
grouped by vegetation type. Y-Axis scale was adjusted to improve visualization, leaving
one outlier out of plot.
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Figure 11. Variation of DOC concentration by vegetation type across the sampling
period. Symbols represent the average concentration from all plots taken in that date.
Error bars are ± 1 SE.
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Figure 12. Association between all peat temperature data and DOC concentrations
grouped by vegetation type. Peat temperature averages of hummocks and lawns were
used for this analysis.
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Figure 13. Association between all pneumatophore density data and DOC concentrations
grouped by vegetation type. Pneumatophore density averages between hummocks and
lawns were used for this analysis.
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Figure 14. Temporal variation of soil methane fluxes grouped by vegetation type and
microtopography. Symbols represent the average flux from all plots taken in that date.
Error bars are ± 1 SE.
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